shown that appropriate measurements of harmonic and transient phenomena in offshore wind farms are
Introduction
Accurate measurements of harmonic and transient phenomena in offshore wind farms (OWFs) are Due to the importance of measurements it was decided to perform long term measurement of harmonic emission and high-speed measurements of switching transients in OWFs 1 . transients in the collection grid without any requirements and environment of OWF ss is limited due to weather conditions and The EMC) and electromagnetic interference (EMI) are impo rmonic and transient measurements in OWFs.
AVV) and Gunfleet Sands (GFS ongoing PhD ONG Energy.
EMC in offshore wind farms
In general, EMI could occur during harmonic and transient measurements, if there is a transfer of electromagnetic energy from a source, through a coupling path to a receptor. The EMI source in a wind (WT) EMI receptor could
For the harmonic measurements in a WT EMI. On the VCB) generate fast transient overvoltages that could induce voltage in the measurement equipment. These two EMI
EMI during harmonic measurements
2 , . This is a reality in the switch-mode high power density converters commonly used in modern wind EMI due to the switching action of the converter The switching action generates a spectrum of the switching frequency and its harmonics. The main noise sources of switching frequency harmonics are the switched currents and the commutating diode. ociated rise time (approximately 100 ns) 2 .
EMI during transient measurements
During the switching operations of a gas insulated switchgear (GIS), fast transient overvoltages are generated. These transient overvoltages produce multiple transient fields, which could induce currents on 4 . These transient currents, could develop voltages on the central he pigtail coupling 5 . GIS 6 , and air 7 MV VCB with metal F6. OWF EMI is expected outside of the the EMC where the measurement equipment was installed, remained closed during the measurements.
Avedøre Holme and Gunfleet Sands Wind Farms
AVV and GFS OWFs are two OWF ONG Energy where the measurements system was installed. The WT OWF WTOnce the measurement for short term and long term measurements in AVV, the system was installed in GFS.
In the WTs in AVV and GFS, the LV MV VCB. The measuring locations within the collection grid of GFS MV voltage and current in the transformer platform were VCB of the radial. The LV and MV voltage and current measurements within the WTs in GFS, were the same as the ones in AVV.
Wind farms description
AVV OWF in the south of Copenhagen is ONG WTs via a ONG Energy a unique opportunity to test and try out new WT OWFs. GFS OWF is located on the east cost of the WTs and WT ir of MV VCB. Two center of the wind farm in the offshore transmitted to shore via a 8.5 Fig. 1 ).
Wind turbine description
The SWT--107 and SWT---speed WTs utilizing full scale frequency converters. The frequency converter system comprises two AC/DC converters and a DC--frequency generator and the grid frequency. There is a transformer to step-up the voltage on each of WTs. The WT transformer is connected with a VCB to the MV 
Methods
All measurement setsources. By appropriate design of the system, sensor selection, sensor acquisition (DAQ EMI) from the power system to the measurement system, a custom made EMC shielding solutions.
board
Specially designed EMC-±5°C the temperature compensated crystal oscillator (TCXO additional synchronization uncertainties.
Software development
In software development it is of special importance to implement synchronization support in the software layer can affect the whole measurement process. It was decided that the measurement software time reference from GPS satellites, IEEE 1588 masters, or IRIG-B sources. As mentioned earlier each of the sources provides periodic time updates. In case of GPS ppm which provides accurate time reference every second (PPS).
In order to configure the driver on the software layer in the simplest and most efficient way a linear structure was used. It was done in the following way:
input terminal (i.e. triggering on the hardware level). Any trigger that occurs on the specified input terminal with the specified active edge is time stamped.
Read trigger timestamp: the oldest, non-read time stamp associated with the specified terminal is returned.
Close driver: later is needed.
uncertainties
Used for offshore measurement purposes receivers provide a 1 pps on-time pulse. The GPS receiver is limited to using SPS 1. It shows that there is a 50 % -ns of UTC. GPS (~68 ns 8 , 9 . To achieve uncertainties presented in 1
(RF ted to the receiver and mounted outdoors where it had clear, OWFs situated far from 10 due to the signal reflection, and high dilution of precision (DOP Positional accuracy was improved due to the fact that the WT GFS OWF are situated far from each other and naturally are far from multipath reflectors (see 11 ). It is important to mention that in all location data were acquired using the same DAQs with the same sampling rate, so phenomena such as filter delay does not affect the synchronization effectiveness. Also RG59/U coaxial m were used to connect the active GPS antenna with
Pulse-per-second signal accuracy measured during measurement campaign at Gunfleet Sands OWF is shown in Fig. 2 
Measurement system design
Instruments (NI) instrumentation was used. The test equipment consists three PXIeach of them comprises PXIused to read GPS timestamp, PXI--order lowpass anti-aliasing filter 8 applied in case of harmonic measurements and PXI-laptop host. Used MXI-Express remote controller achieves up to 110 MB/s sustained throughput. The measurement PC units used for measurements comprise Intel Core 2 Duo T GB -harmonic measurements is much lower, than for transient n of the DSA card for transient measurements, no high frequency components were expected; therefore no additional anti-aliasing filtering was provided
Sensors
Precisely selected sensors were used for transient measurement purposes. It was expected to carry out measurements with sample rate up to of 2.5 MS/s/ch which requires se dB) at least up to 1.25 GFS. At 0.69 s differential voltage sensors were used, while for the 10 d in AVV and GFS were the same.
Voltage probes
SI--ed in the LV in the WTS. In the MV, capacitive voltage sensors installed as "dead-end" T--1 --end" and the phase-to-earth voltage is measured using an end-plug. Since the capacitive end-plug is not normally used for precision measurements, an amplifier for precision measurements with high frequency response 12 .
Current probes
--in harsh WT electromagnetic environment, as well as in the transformer platform.
-pass filter nature is
Sensor installation
converter and DCals of the DC/AC convert, DCin the WTs were installed in the WT transformer side of the VCB.
The measuring locations within the collection grid of GFS were the transformer platform, the first installed in the transformer side of th the installation was complete. In general all the sensitive measurement equipment was installed inside the
DAQ
differential mode (DM) noise, is propagated out one wire and other wire carries noise exactly equal and -to-line or line-to-ground capacitance and wiring inductance tend to filter this type noise 2 . The other type of conducted noise, common mode (CM) noise, travels in the same direction i g measurements as presented in . During measurements carried out in the WFs dynamic signal acquisition (DSA) cards with two-pole low--order Butterworth filter one can
where c is --off frequency. The Butterworth approximation of ideal low-pass filter has only poles (i.e. no finite zeros) and yields a maximally flat response around zero and infinity. This filtered in the same way 14 .
Noise consideration
Different type of noise can affect the overall measurement process. differential mode noise, is propagated out one wire and other wire carries noise exactly equal and opposite. Differential mode noise amplitu -to-line or line-to-ground capacitance and wiring inductance tend to filter this type noise 2 . The other type of ground. Common mode noise, requires a different type filter. Common mode filters are usually common and were used during measurements as presented in Fig. 5 . 
Cross-talk
unwanted effect devices should provide in specification parameters associated with this phenomenon.
4.11.
antenna was used in each measurement location to read GPS timestamp. During the offshore measurement, the receivers provide a 1 pps on-time pulse. The GPS receiver is limited to using SPS, which has 50 -time pul ns of UTC. Th uncertainty of GPS is ±170 ns, ns 8 .
EMC box
). At 1 for this enclosure type is 100dB and 45dB of magnetic attenuation. aluminum zinc coating, and powdered coated in RAL rfilter-
±5
To supply all the measurement equipment a 25 A filter was mounted in further grounded in each measurement location. rent Poor precision results from random errors while poor accuracy results from systematic errors and is (see Fig. 7 ). While random errors occur instantaneously, in the course of the measurements, the actual values of systematic errors are easurement process is started in order to compensate errors and the random errors of stationary experimental setthese phenomena in detail, some guidance in the central limit theorem of statistics 17 18 . 
tion, or signal-to-noise ratio. If a measurement with true random error is repeated 1 , X 2 , …, X n is a sequence of independent and identically 2 . If S n =X 1 +…+X n , then Before signal as meaningful information is logged it is also recommended to measure input noise level on order to assess the measurement precision .
Results
If during measurements the transfer of electromagnetic energy from source (emitter) equipment, which in a WT is the main power circuit, through a coupling path to a receptor (receiver), which is the measurement equipment, an EMI occurs.
Cross-talk measurements
Before any measurements are carried out it is recommended to perform test of EMI in the environment. Also in case of offshore measurements such test measurement s were done. The first step is to perform open ci s. As it wer than -80dB in used for harmonic -consideration crossGaussian noise. Cross- Fig. 10 and Fig. 11 . 
Converter interference
converter) is located near a very sensitive receptor (e.g. sensor 2 , . Switchgenerators of EMI due to the switching action of the converter The switching action generates a spectrum of the switching frequency and its harmonics. The main noise sources of switching frequency harmonics Fig. 12 presents estimated spectrum of measured open circuit channel. When the grid-side converter is er modulator. It is worth to emphasize that the interference is much more significant than the noise level.
-side converter is shutphenomenon as presented in Fig. 10 Fig Amplitude [V] as the e-folding time for each at each scale 24 . -to-no higher frequencies. Some estimated signal-to-noise ratios around certain frequencies (i.e. carrier groups) 2.
2 Estimated signal-to-noise ratios around carrier groups in measured output voltage of the grid-side converter -term harmonic measurements. Please note that in practice the noise level in the estimated spectrum is also strongly dependent on the window length of analyzed signal. 
Transient measurements synchroni
operated several times a year. These normal switching operations would cause transient overvoltages in the collection grid that will move along the energized radials. Such transient overvoltages were measured in GFS during the measurement campaign. measured radial is shown in Fig. 15 This small voltage transient appears first ms, and then travels for 22 μs to μs corresponds to the
The measured travelling speed of the voltage wave, corresponds half the speed of light, reported Nysted offshore wind farms 12 . 
Discussion
During the removal of the measurement equipment in GFS, after 8 months of measurements, it was noticed that one of the GPS antennas was damaged. The antenna presented high level of corrosion in the Due to this deterioration repaired afterwards. The metallic part of the antenna was simply cleaned. The damage in the antenna Electromagnetic interference during measurements in offshore wind farms is an important issue and requires special considerations. It was shown that gridfrequency components of amplitude around 2 % of the nominal fundamental value are analyzed, appropriate attenuation of interference distortions is crucial.
rocessing and analysis.
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